Spectrum sharing mechanisms need to be carefully designed to enable inter-technology coexistence in the unlicensed bands, as these bands are an instance of a spectrum commons where highly heterogeneous technologies and deployments must coexist. Unlike in licensed bands, where multiple technologies could coexist only in a primary-secondary dynamic spectrum access mode, a spectrum commons offers competition opportunities between multiple dominant technologies, such as Wi-Fi and the recently proposed LTE in the 5 GHz unlicensed band. In this paper, we systematically study the performance of different spectrum sharing schemes for inter-technology coexistence in a spectrum commons. Our contributions are threefold. First, we propose a general framework for transparent comparative analysis of spectrum sharing mechanisms in time and frequency, by studying the effect of key constituent parameters. Second, we propose a novel throughput and interference model for inter-technology coexistence, integrating per-device specifics of different distributed MAC sharing mechanisms in a unified network-level perspective. Finally, we present a case study of IEEE 802.11n Wi-Fi and LTE in the 5 GHz unlicensed band, in order to obtain generalizable insight into coexistence in a spectrum commons. Our extensive Monte Carlo simulation results show that LTE/Wi-Fi coexistence in the 5 GHz band can be ensured simply through channel selection schemes, such that time-sharing MAC mechanisms are irrelevant. We also show that, in the general co-channel case, the coexistence performance of MAC sharing mechanisms strongly depends on the interference coupling in the network, predominantly determined by building shielding. We thus identify two regimes: (i) low interference coupling, e.g., residential indoor scenarios, where duty cycle mechanisms outperform sensing-based listen-before-talk (LBT) mechanisms and (ii) high interference coupling, e.g., open-plan indoor or outdoor hotspot scenarios, where LBT outperforms duty cycle mechanisms.
Inter-Technology Coexistence in a Spectrum Commons: A Case Study of Wi-Fi and LTE
sharing techniques are essential for mitigating mutual interference between co-located, co-channel wireless devices, thereby enabling concurrent operation of multiple devices. It follows that, in practice, the technical design of spectrum sharing techniques for a given technology depends on three major aspects: (i) the technologies implemented by the other devices, where interference is to be managed either between devices of the same technology (i.e. intra-technology coexistence), or of different technologies (i.e. inter-technology coexistence); (ii) the management of the devices, where interference may be managed with various levels of coordination (i.e. intraand inter-operator coexistence), or in a fully distributed manner (for individually deployed devices); and (iii) the management of the spectrum, spanning a continuum of access models, from exclusive use of spectrum (i.e. exclusive spectrum access rights for a single operator/technology) to a spectrum commons (i.e. equal spectrum access rights for all users/operators/technologies) [2] .
From a regulatory and economical perspective, spectrum can be broadly classified into licensed and unlicensed bands. Licensed bands are typically associated with exclusive spectrum access, such as for cellular networks that traditionally implement intra-technology, intra-operator coordinated spectrum sharing techniques. This case is thus less challenging for designing spectrum sharing mechanisms. Although not yet widely implemented, dynamic spectrum access (DSA) [3] , can enable inter-technology coexistence in licensed bands, where one primary technology is dominant and the other secondary technologies are required to give access priority to the primary. The design of spectrum sharing mechanisms in such a case is limited by the given priority constraints of the primary license holder. The unlicensed bands are a prominent example of a spectrum commons, since they are in principle open for any type of device management and technology. 1 Importantly, the broader concept of spectrum commons refers only to equal spectrum access rights, disregarding economical aspects, so licensed spectrum could also hypothetically be a spectrum commons for more technologies/operators with equal access rights on a cost basis [2] .
To facilitate coexistence of heterogeneous devices in dense deployments, the design of novel spectrum sharing techniques for the unlicensed bands (i.e. MAC layer mechanisms, channel allocation, etc.) has to consider other legacy techniques operating concurrently. Also, unlike in the licensed bands, in the unlicensed bands any technology has the same access priority rights, such that more than one distinct technology can be dominant. The sub-6 GHz unlicensed bands have consistently been an innovation driver for technology development, as they are ideally suited to sporadic transmissions in, e.g. emerging M2M and IoT applications [4] , while accommodating loaded legacy and emerging small cell networks. However, with the continuous proliferation of devices and technologies in these bands, it is essential to consider the effectiveness of spectrum sharing mechanisms, in order to maximize overall utilization efficiency, while exploiting the low entry barrier for new technologies. Moreover, the high level of heterogeneity in these bands offers the opportunity to generalize inter-technology coexistence models applicable to future spectrum commons, e.g. the recently opened 3.5 GHz band for wireless broadband applications [5] .
IEEE 802.11 Wi-Fi is currently the only dominant technology in the sub-6 GHz unlicensed bands, in terms of data traffic volumes and the number of users. Although Bluetooth and IEEE 802.15.4 coexist with Wi-Fi in the 2.4 GHz band, these technologies are mainly used for short-range sporadic communications, and therefore inter-technology coexistence is easily ensured. However, the recently proposed LTE in the unlicensed bands [6] would be a second dominant technology coexisting with Wi-Fi in the 5 GHz band. LTE would thus have to share the spectrum with Wi-Fi (i.e. inter-technology spectrum sharing) and other LTE systems (i.e. inter-operator, intra-technology spectrum sharing), despite originally having been designed for exclusive use of licensed spectrum. The main coexistence issue arises from the difference in the design of the MAC layer mechanisms that Wi-Fi and LTE implement. The Wi-Fi MAC is based on CSMA/CA, which is a listen-before-talk (LBT) mechanism where a device senses the medium and allows other devices to finish their transmission before starting its own transmission. Unlike Wi-Fi, LTE transmits almost continuously without checking whether the medium is occupied, as it traditionally exclusively operates on its own portion of spectrum. Such a behaviour in the unlicensed band would completely prevent Wi-Fi transmissions and would cause strong interference to other LTE networks operating in the same band [7] . Consequently, new spectrum sharing techniques for LTE must be designed and evaluated, in order to ensure harmonious inter-and intra-technology coexistence.
In this paper we systematically study the performance of different spectrum sharing mechanisms in a spectrum commons, with two dominant technologies. We consider two types of access point (AP) populations, i.e. legacy APs and new entrant APs, and we conduct a detailed system-level coexistence study for multiple scenarios and a wide range of realistic AP densities. We consider LTE/Wi-Fi coexistence as a case study and we assume legacy Wi-Fi APs with an LBT spectrum sharing mechanism, whereas for the new entrant LTE APs we consider various candidate spectrum sharing mechanisms: LBT with different fixed carrier sense (CS) thresholds, different variations of fixed and adaptive duty cycle, and different channel selection schemes. Our contributions are threefold.
Firstly, we propose a general framework with the goal of enabling comparative assessment of spectrum sharing mechanisms when several networks of heterogeneous technologies coexist in a spectrum commons, by identifying the key constituent parameters of spectrum sharing schemes and investigating their individual effect on the coexistence performance. Some early studies analyzed coexistence between Wi-Fi and Bluetooth [8] , or Wi-Fi and IEEE 802.15.4 [9] in the 2.4 GHz unlicensed band, but their focus was on specific technologies where only one is dominant. Prior studies of Wi-Fi coexistence with different variants of LTE in the unlicensed band, e.g. [10] , [11] , typically consider a single MAC approach for LTE with dissimilar (and often incompletely specified) system assumptions and scenarios, so that these studies are neither directly comparable nor readily reproducible. By contrast, we demonstrate a unified and generalizable framework for systematically exploring the design space of spectrum sharing mechanisms and thus transparently evaluating inter-technology coexistence in a spectrum commons.
Secondly, we propose a novel throughput and interference model for heterogeneous technology coexistence in a spectrum commons, detailed enough to capture the key parameters of several MAC sharing mechanisms, while abstract enough to enable meaningful comparison between the MAC mechanisms. Earlier throughput and interference models in the literature [12] - [14] focus on only one specific technology in simplified scenarios, or on very high-level models that offer only an approximate network-level estimate. By contrast, our model is the first one to incorporate the per-device specifics of multiple potential coexisting technologies in a unified network-level perspective, thereby extending and integrating prior approaches.
Thirdly, we present a coexistence case study of Wi-Fi and LTE in the 5 GHz unlicensed band, inspired by its relevance to the contemporary industry and academic context. Importantly, our discussion of the case study results is generalizable and also gives insight into other possible coexistence cases in a spectrum commons. Several spectrum sharing mechanisms have been proposed and initially studied for LTE in the unlicensed bands [10] , [11] , [14] - [38] , but most of the work has focused on either optimizing one mechanism for particular network conditions, or analysing very few variations of the same mechanism in simplistic scenarios. Extensive systemlevel studies analysing multiple fundamental spectrum sharing mechanisms under the same framework, with comparable and generalizable results, are missing from the literature. We show in this paper that LTE/Wi-Fi coexistence can be easily ensured simply through channel selection schemes, such that time-sharing MAC mechanisms are irrelevant, given the high number of available channels in the 5 GHz band. Importantly, our analysis shows that, in the general co-channel case, the coexistence performance of the MAC strongly depends on the interference coupling, largely determined by building shielding, resulting in two regimes: (i) low interference coupling, e.g. residential indoor scenarios, where distributed duty cycle mechanisms outperform sensing-based LBT approaches;
and (ii) high interference coupling, e.g. open-plan indoor or outdoor hotspot scenarios, where LBT outperforms duty cycle mechanisms. We also show that the performance of LBT is close to the performance of perfectly coordinated adaptive duty cycle MAC mechanisms, suggesting that distributed MAC schemes remain more attractive in practice.
The remainder of this paper is organized as follows. Section II summarizes related work in the literature. Section III presents the proposed coexistence evaluation framework. Section IV presents our novel throughput and interference model. Section V presents and discusses our case study results, and Section VI concludes the paper.
II. RELATED WORK
Previous work has addressed legacy inter-technology coexistence studies in the unlicensed bands [8] , [9] , throughput and interference models for a spectrum commons [12] - [14] , and LTE/Wi-Fi coexistence in the unlicensed bands [10] , [11] , [14] - [38] .
Inter-Technology Coexistence Studies in the Unlicensed Bands
Several studies in the literature have analysed coexistence between Wi-Fi and other legacy technologies operating in the unlicensed bands, such as Bluetooth [8] and ZigBee [9] . However, these specifically focus on coexistence with existing standardized technologies and the case where Wi-Fi dominates in terms of traffic volumes, coverage range, and deployment scale. By contrast, we take a more generic approach to explore the coexistence design space and systematically study multiple candidate dominant technologies coexisting in a spectrum commons, in order to determine the key parameters that would improve the coexistence performance.
Throughput and Interference Models for a Spectrum Commons
Existing models focus on Wi-Fi and follow two main approaches. The first approach is the widely used analytical throughput model for IEEE 802.11 CSMA/CA proposed by Bianchi [12] . However, this model is only applicable to a single specific CSMA/CA technology implementing the same fixed rate at the PHY layer. Most importantly, in [12] the throughput is modelled only locally, assuming all Wi-Fi devices are within CS range and interference is not taken into account. The second approach is based on stochastic geometry models [13] that focus on the overall system-level interference bounds, such that inter-cell interference is modelled, but they assume simplified network topologies only and neglect effects of environment-specific propagation conditions. An extension to the stochastic geometry models are Monte Carlo simulationoriented models (e.g. [14] ) which additionally take into account individual path losses and interference per device, but still neglect more detailed time-dependent parameters captured by the first approach. Importantly, none of these approaches enables comparative evaluation of inter-technology coexistence in a spectrum commons, where CSMA/CA devices coexist with devices implementing a different MAC. Our novel throughput and interference model detailed in Section IV extends and integrates these approaches, by including the specifics of CSMA/CA coexisting with different variants of duty cycle MAC and rate-adaptation PHY, and by capturing interference with individual path losses and long-time average transmission time of each interferer.
LTE/Wi-Fi Coexistence in the Unlicensed Bands
Recent industry and academic research work has proposed several different spectrum sharing mechanisms for LTE in the unlicensed bands, in order to ensure harmonious coexistence with Wi-Fi, as summarized in Table I [10] , [11] , [14] - [38] . We may classify the spectrum sharing mechanisms as follows: MAC time-sharing mechanisms (i.e. duty cycle, LBT), channel selection mechanisms (i.e. spectrum sharing in frequency), and other mechanisms. The performance evaluation in [10] , [11] , [14] - [38] of the coexisting LTE variants with Wi-Fi has mostly been done in simplistic scenarios and compared to either original LTE, which does not implement any coexistence mechanism, or with variations of one particular proposed coexistence mechanism. In some key works, e.g. [11] , the system parameters are incompletely specified, which makes comparison of different spectrum sharing schemes not possible at all. The few studies that do consider several coexistence mechanisms mostly evaluate only one MAC approach for LTE in the unlicensed band, i.e. either LBT [10] , [14] , [34] or duty cycle [11] , [19] , [21] , [24] , applied concurrently with channel selection mechanisms, or compare the performance of several channel selection schemes among themselves [35] . To the best of our knowledge, only the authors in [18] consider both MAC coexistence approaches in their study (i.e. LBT and duty cycle), but they only evaluate the fixed duty cycle variant, whereas industry proponents have instead focused their work on the adaptive duty cycle variant for LTE [19] . Finally, the existing handful of experimental evaluations were either performed with customized, proprietary hardware that is not publicly available [19] , or were assessing the coexistence of Wi-Fi with LTE as originally operating in the licensed band, i.e. without any coexistence mechanism [39] , [40] . Unlike previous studies, we select multiple MAC and channel selection techniques proposed in the literature and we vary their key parameters within the same framework, in order to perform a comparative, systematic, and transparent analysis of their behaviour; namely, we do not focus on optimization of parameters under specific and restrictive conditions, thus keeping our analysis and conclusions generalizable.
III. SPECTRUM COMMONS COEXISTENCE EVALUATION METHODOLOGY

A. Proposed Framework for Coexistence Evaluation in a Spectrum Commons
We explore the feasible design space for spectrum sharing mechanisms by assuming a population of legacy APs coexisting with a population of new entrant APs. We do so by fixing the technology of the legacy APs and varying key parameters of the spectrum sharing mechanisms implemented by the new entrant APs, which are as follows. Spectrum sharing mechanisms facilitate coexistence by partitioning spectrum either in frequency, via channel selection, or in time, via MAC Table I . Although both approaches can be applied in a coordinated or a distributed manner, distributed schemes are typically desirable for a spectrum commons, due to the large number of individually managed devices.
Channel selection schemes reduce interference by assigning different channels to co-located devices, regardless of their level of coordination. MAC mechanisms for a spectrum commons follow either (i) distributed sensing approaches, i.e. LBT; or (ii) periodic coordinated/uncoordinated transmission approaches, i.e. duty cycle. For LBT, we identify the key parameters, as given in Table I , to be: (i) the CS threshold, which directly affects the tradeoff between sharing the channel in time among multiple APs and suffering from concurrent interference; (ii) the CS duration (i.e. fixed vs. variable with or without random backoff), which affects the MAC efficiency; and (iii) the MAC frame duration, which also affects the MAC efficiency. For duty cycle, the key design parameters in Table I are the level of: (i) adaptiveness when detecting other APs, i.e. fixed vs. adaptive duty cycle, and (ii) coordination, i.e. distributed vs. intra-and inter-operator coordination for synchronizing devices and mitigating interference. Additionally, the time granularity (i.e. ON-duration) of the duty cycle can potentially affect the number of collisions with other frames. Further details about the impact of each of these parameters on coexistence are given in Section IV. Although not an intrinsic element of a spectrum sharing mechanism, the PHY layer may interact with the MAC by e.g. changing the coverage area of the APs, affording more robustness to interference, enabling faster/slower frame transmissions, etc.; PHY-MAC interactions should thus also be considered for coexisting AP populations.
Another major system parameter influencing the design of spectrum sharing mechanisms is the interference coupling among the devices in the overall heterogeneous network. The interference coupling determines the number of APs within and outside the CS range, the interference from which is handled differently by different MAC mechanisms. In practice, this parameter is determined by the building shielding, the device density, and the transmit power. It is thus imperative to explore a wide range of shielding conditions and device densities, in order to identify the exact cases where a given spectrum sharing mechanism may outperform the others.
B. Case Study Scenarios and Spectrum Sharing Mechanisms
We assume the legacy APs are always IEEE 802.11n Wi-Fi APs implementing CSMA/CA, which is a distributed binary exponential random backoff 2 LBT MAC mechanism with -82 dBm CS threshold for deferring to other Wi-Fi devices and -62 dBm CS threshold for deferring to other technologies [41] .
The new entrant APs represent candidate LTE technologies for the unlicensed band, with the combinations of PHY and MAC layers given in Table II , reflecting the classification of coexistence mechanism design parameters in Section III-A. The first two entrant variants implement the IEEE 802.11n PHY and are considered as the baseline reference, as they represent IEEE 802.11n Wi-Fi devices with different CS thresholds. The remaining entrant variants implement the LTE PHY and we vary their MAC mechanisms, as follows: LBT, fixed 50% duty cycle (coordinated and uncoordinated), and adaptive duty cycle. As boundary cases for interference management, we consider the always on MAC, where all APs transmit continuously (i.e. highest interference), and the ideal TDMA MAC, which essentially is an adaptive duty cycle with perfect local coordination (i.e. lowest interference). We note that the level of coordination assumed for ideal TDMA would require in practice perfect intra-and inter-operator coordination.
We consider a total number of 19 indoor and 11 outdoor 20 MHz channels in the 5 GHz unlicensed band [41] . We assume legacy APs randomly select one channel per AP, whereas new entrant APs either apply random channel selection, or sense channel selection, where each entrant AP randomly selects a channel that is not occupied by legacy APs. We also consider the single channel scheme, with only co-channel legacy and entrant APs, which enables a detailed investigation of spectrum sharing mechanisms in time.
In contrast to existing studies which consider coexistence in restricted scenarios [10] , [11] , [14] - [38] , we explore a wide and realistic range of interference coupling conditions, by varying the legacy and new entrant AP densities in four deployment scenarios. These scenarios are based on real outdoor base station locations and the 3GPP dual stripe model in [42] , as follows. For the indoor/indoor scenario, both legacy and new entrant APs are located indoors. We assume one single-floor dual-stripe building, where each AP and its associated user are randomly located in a single apartment, as shown in Fig. 1(a) . We note that throughout this paper we assume each AP has one associated user. We consider either 1 or 10 legacy APs and 1 to 10 new entrant APs. The equivalent overall network density is thus 600-6000 APs/km 2 , consistent with recent Wi-Fi measurements in [43] . We also study the indoor/indoor scenario without internal walls as a variant of the indoor/indoor scenario above, since this gives a lower bound for wall shielding, which would lead to increased interference and thus to a more congested coexistence scenario. For the indoor/outdoor scenario, the legacy APs are located indoors and the new entrant APs are located outdoors. For the outdoor APs we consider real base station locations obtained through measurements in central London [44] . Out of all locations in [44] we select 20 locations, which are representative for low transmit power entrant APs, with a coverage range of up to 300 m and with minimum 20 measurement observations. We assume the height of the outdoor APs is at the building roof level. The associated entrant users are randomly located outdoors, in the coverage area of the respective entrant APs that they are associated with, at a maximum distance of 50 m from the respective APs, and at a height of 1.5 m. We overlay randomly located buildings on the study area where the outdoor APs are distributed, as shown in Fig. 1(b) . The indoor APs and users are randomly located in apartments with a density of 500 or 5000 APs/km 2 [43] . We vary the number of outdoor APs from 1 to 20 (equivalent entrant densities of 7-150 APs/km 2 ). For the outdoor/outdoor scenario, both legacy and entrant APs are located outdoors. We assume a similar network layout as for the indoor/outdoor scenario, where the outdoor locations are randomly assigned to legacy and entrant APs, as shown in Fig. 1(c) . In accordance with regulatory limits, we assume indoor legacy and new entrant APs transmit with a power level of 23 dBm, whereas outdoor legacy and new entrant APs transmit with a power level of 30 dBm.
IV. THROUGHPUT AND INTERFERENCE MODEL FOR HETEROGENEOUS DEVICES COEXISTING IN A SPECTRUM COMMONS
We propose a novel integrated inter-technology throughput and interference model that incorporates different spectrum sharing mechanisms and their key parameters at the same level of abstraction, for populations of APs in large-scale networks, with overlapping or non-overlapping coverage areas of individual APs. In this section we first present the general formulation of our model and then apply it to our LTE/Wi-Fi case study. Without loss of generality, 3 we assume a population M of same technology APs that share a channel with another population of APs N. For our case study, we use the model for populations M and N for the legacy and new entrant APs, respectively, with the respective combinations of MAC and PHY specified in Section III-B. We always assume downlink saturated traffic and only one user per AP, at which we estimate the throughput. 4 A high-level description of our model, with respect to the spectrum sharing mechanisms given in Section III, is as follows. Table II. For LBT, we assume all co-channel APs within each other's CS range are prevented from transmitting simultaneously. We assume an AP implementing LBT occupies the channel only for a fraction of time roughly equal to the inverse of the sum of the number of co-channel APs in its CS range [13] , [45] , while the rest of the time is used by other APs in its CS range, and we estimate the downlink throughput per AP accordingly. Co-channel APs located outside the CS range of the considered AP interfere with this AP by decreasing the signal-to-interference-and-noise ratio (SINR) of its associated user. Fig. 2(a) shows an example of the CS range for one AP when populations M and N coexist.
For duty cycle, without loss of generality, we adopt a distributed time-slotted model to simplify our analysis. 5 We assume all APs use the same time slot duration, as illustrated in Fig. 2(b) . For fixed 50% coordinated duty cycle all APs transmit in the same time slot, whereas for adaptive duty cycle and fixed 50% uncoordinated duty cycle each AP randomly selects a time slot to transmit in, such that transmissions from different co-channel APs may or may not 5 We note that the slotted model gives the same long-term average throughput statistics per entrant/legacy AP as would be observed for the general case of fully distributed asynchronous devices (i.e. non-slotted transmissions, whereby devices are not restricted to starting transmissions only at the start of a time slot). In the non-slotted model, different entrant APs would have random partially overlapping transmissions, which in the long-term results in the same level of mutual interference as does the random occurrence of either fully-overlapping or non-overlapping transmissions in the slotted model. Similarly, in the non-slotted model legacy Wi-Fi APs would find the channel unoccupied by entrants for an equivalent long-term fraction of time, resulting in the same channel share for legacy APs as in the slotted model (where the channel is unoccupied by entrants for random time durations which are simply a multiple of time slots).
TABLE III
THROUGHPUT PARAMETERS FOR AP x FROM M AND AP y FROM N COEXISTING ON THE SAME CHANNEL overlap in the same time slot. For both variations of fixed 50% coordinated/uncoordinated duty cycle, the total duration of a time period is 2 time slots for all APs, whereas for adaptive duty cycle each AP calculates its own duty cycle period as the number of time slots equal to the number of APs in its CS range. Consequently, the throughput of each AP is proportional to its duty cycle and the SINR of its associated user is decreased by the interference from all other co-channel APs, according to their own transmission time. We model the throughput of ideal TDMA as being that of perfectly coordinated adaptive duty cycle, i.e. without additional control overhead.
In the remainder of this section we firstly present the throughput model, then the interference and SINR model. Finally, we present details of the LBT MAC overhead and we model the throughput degradation due to frame collisions when duty cycle devices coexist with LBT devices.
A. Throughput Model
In general, we model the throughput of AP x from population M as
x is the MAC efficiency of x, C O L L M x is the throughput degradation of x due to collisions between its frames and frames from population N -if N implements duty cycle, Air T i me M x is the fraction of time that x obtains according to its MAC and the MAC of other APs in its CS range, and ρ M x (S I N R M u ) is an auto-rate function mapping the S I N R of the associated user u to the PHY spectral efficiency. For our case study we use the example auto-rate functions of IEEE 802.11n [41] and LTE [46] . For LTE PHY that a duty cycle time slot within a period is not used by any AP from population N within the CS range of AP x from population M, given in (2), shown at the bottom of the previous page. We note that for LBT, populations M and N may each have a different CS threshold to define their CS range. The MAC efficiency, S M x and S N y (detailed in Section IV-C), is lower than 1 only for LBT which wastes transmission time due to the sensing duration. If there is an AP in N implementing always on within the CS range of an AP x in M implementing LBT, we assume R M x = 0, since Air T i me M x = 0. We assume that during a collision between LBT and duty cycle frames only the LBT frame is completely lost; we discuss this in more detail in Section IV-D. If all APs in N, that are in the CS range of AP x in M, transmit in the same time slot (i.e. fixed 50% coordinated duty cycle), the other time slot in the time period is shared in time between those co-channel APs in M that are in the CS range of AP x. If each AP in N randomly selects one of the two time slots to transmit in (i.e. fixed 50% uncoordinated duty cycle), we calculate a long-time average of the fraction of time slots that are unoccupied by co-channel APs in N within one time period, assuming that each AP in N, that is in the CS range of AP x in M, selects any of the two time slots with probability 1 2 . If the APs in N implement adaptive duty cycle, each AP in N calculates its own number of time slots in a time period and randomly selects one time slot to transmit in, in each period. Again we calculate a long-time average of the fraction of time slots that are unoccupied by APs in N.
B. Interference and SINR Model
The SINR of user u associated with AP x in M coexisting with N is given by
where we assume the definitions in Table IV . The SINR of a user v associated with AP y in N is expressed analogously. We note that the interference term I M u + I N u depends on the MAC mechanisms (i.e. air time) of the co-channel interfering APs.
Tables V and VI give the interference parameters in (3) for user u associated with AP x in M and for user v associated with AP y in N, respectively. We note that I M u and I M v are similar, as both represent outside-CS-range interference from an LBT population, which avoids interference within the CS range, irrespective of the coexisting population. Also, local coordination within the CS range is done differently for fixed 50% coordinated duty cycle compared to adaptive duty cycle: for fixed 50% coordinated duty cycle the APs within the CS range always transmit at the same time, therefore interference is increased, whereas for ideal TDMA (i.e. coordinated adaptive duty cycle) interference is completely eliminated within the CS range. For both uncoordinated versions of these respective duty cycle approaches, interference within CS range is randomized. Interference from outside the CS range is randomized for all MAC mechanisms.
In order to calculate the path loss terms in Table V and VI (i.e. L u,x , L v,y , L u,z , L v,z ), we apply the following propagation models, specific to our deployment scenarios in Section III-B. For the outdoor links we consider the ITU-R model for line-of-sight (LOS) propagation within street canyons and the non-line-of-sight (NLOS) model for over roof-top propagation [47] . For the indoor links we apply the multi-wall-and-floor (MWF) model in [48] , where we assume the indoor walls are 10 cm thick concrete walls (i.e. 16 dB and 14 dB attenuation through the first and the following traversed walls, respectively) and the floors are 20 cm thick concrete walls (i.e. 29 dB and 24 dB attenuation through the first and the following traversed floors, respectively). We assume the building entry loss of 19.1 dB for external walls [47] . For outdoor to indoor links or indoor to outdoor links we consider cascaded models of indoor and outdoor propagation models. We assume log-normal shadowing with 4 dB standard deviation for indoor links and 7 dB for all other links [49] .
C. LBT MAC Overhead
We model the MAC overhead for LBT due to sensing time based on the parameters of IEEE 802.11n CSMA/CA for the 5 GHz band, without RTS/CTS [41] , by extending Bianchi's analytical model in [12] . For each AP x we estimate the MAC efficiency S x in (1) by quantifying the fraction of time the channel is used to successfully transmit frames as
where T f,x is the average duration of a frame in the CS range of x, T s,x is the average time the channel is occupied by a successful transmission in the CS range of x, T c,x is the average time the channel is occupied by a collision in the CS range of x, σ =9 µs is the duration of an empty backoff time slot, T * c,x = T c,x /σ , n = 1 + |A x | + |B x | is the total number of APs within the CS range of AP x, τ is the probability that a station transmits in a randomly chosen time slot. We calculate a lookup table for τ for each value of n based on Bianchi's model for binary exponential backoff with CW min =15 and CW max =1023 [41] . The terms T f,x , T s,x , and T c,x are defined analogously as
where z represents other APs in x's CS range.
For an AP x, we define the duration of a frame T f,x , the time the channel is kept busy due to successful transmission T s,x , and the time AP x occupies the channel due to a collision T c,x as 
where R x is the transmission rate of AP [41] , and M S DU=1500 Bytes [20] . We note that the frame duration T f,x of an AP x with LBT and LTE PHY is fixed to 1 ms (i.e. the duration of an LTE subframe).
D. Throughput Degradation Due to Frame Collisions When Implementing Duty Cycle
We assume a worst case scenario, where all LBT frames from a population M transmitted at the end of a duty cycle time slot collide with duty cycle frames from a population N and are lost, if there is a duty cycle frame transmitted in the next time slot within the CS range. For our case study we assume only LBT frames are lost, since the APs implementing duty cycle have a better spectral efficiency and their users are able to decode frames at a lower SINR.
The throughput degradation of AP x in M, r M,N deg (x) in Table III , is given by
if N has adaptive duty cycle,
where m is the total number of LBT frames of M that can be transmitted in one duty cycle time slot and the other parameters are defined in [19] ), then m = 23 or m = 238. If the APs in N implement fixed 50% duty cycle, every time slot containing a transmission of M is followed by a time slot containing a transmission of N, therefore at the end of a time slot containing transmissions of M a frame collision will always occur. Within a time slot there are multiple LBT frames of M transmitted and each AP in M within the CS range transmits a roughly equal number of frames per time slot.
If the APs in N implement adaptive duty cycle, it is not necessary that a time slot containing transmissions of M is followed by a time slot containing transmissions of N, since the adaptive duty cycle transmissions may overlap in time, possibly leaving more consecutive time slots unoccupied. The
is the probability that the next time slot contains a duty cycle transmission of N.
Throughput degradation due to collisions between frames of APs in M and N implementing ideal TDMA is considered negligible, as the transmissions of N can be scheduled such that the alternation of slots containing frames of M and frames of N is reduced.
V. RESULTS AND ANALYSIS OF COEXISTENCE CASE STUDY
We conduct extensive Monte Carlo simulations in Matlab with 3000 network realizations for the indoor/indoor scenarios with or without internal walls, and 1500 network realizations for the indoor/outdoor and outdoor/outdoor scenarios. We evaluate the throughput performance of the two populations of APs in terms of the downlink throughput 7 per AP, based on our throughput and interference model in Section IV. We present a representative selection of our results with respect to the key parameters in our framework in Section III, in order to derive general insights into inter-technology coexistence in a spectrum commons. Firstly, we consider the effect of channel selection schemes and the extent of interference coupling given by the considered deployment scenarios. Since the MAC is arguably the most important component of spectrum sharing mechanisms, we then focus on analysing in detail the considered LBT and duty cycle MAC mechanisms, with respect to the identified cases of interference coupling. Finally, we consider the effect of the PHY capabilities.
A. Impact of Channel Selection Schemes: Sense and Random
We compare the sense and random channel selection schemes as described in Section III-B, in order to study the extent to which they mitigate inter-technology interference. Fig. 3 shows the median throughput, over all Monte Carlo realizations, of legacy and new entrant APs for the indoor/indoor scenario with sense, for 10 legacy APs and a variable number of entrant APs. The legacy AP throughput is constant at 36.9 Mbps, irrespective of the entrant AP density or spectrum sharing mechanism, due to the high number of available channels in the 5 GHz band. Consequently, there is a low number of APs per channel, so the spectrum time-sharing mechanisms are not triggered at all. Similarly, the entrant AP throughput is not affected by the AP density, but is instead simply determined by the entrant's own implemented MAC and PHY layer. More specifically, always on, ideal TDMA, and adaptive duty cycle with LTE PHY achieve the maximum throughput of 86.4 Mbps, whereas the throughput for LBT with LTE PHY is slightly lower (78.4 Mbps), due to the LBT sensing overhead, S x . Both variants of fixed 50% duty cycle achieve half of the maximum LTE PHY throughput, as expected. LBT with IEEE 802.11n PHY achieves the lowest throughput (36.9 Mbps) of the considered entrant technologies, due to its lower PHY spectral efficiency.
Let us now consider in more detail the most challenging coexistence case (i.e. 10 legacy and 10 new entrant APs). Fig. 4(a) is the same for all entrant MAC schemes, which shows that co-channel transmissions are always avoided for legacy and entrant APs, for our considered realistic network densities. Fig. 4(b) shows that no more than 15% of the entrant APs share the channel with another entrant. Otherwise, the throughput is identical to the median throughput in Fig. 3(b) . Namely, the performance of the spectrum sharing mechanisms indicated by the median throughput per AP is largely representative of trends over the whole throughput distribution. 8 The throughput results for sense are qualitatively similar for all other considered scenarios and AP densities. The results for random and sense are also in general comparable, except for few cases with strong co-channel interference, where sense eliminates the interference between the two populations of APs (e.g. the indoor/indoor scenario without internal walls). We omit explicitly presenting these results, for the sake of brevity.
Given the high number of available channels in the 5 GHz band, interference is largely avoided by simply allocating different channels to different APs. It follows that, in practice, LTE and Wi-Fi could harmoniously coexist in the 5 GHz band, regardless of the MAC mechanism implemented by LTE.
In the remaining sections, we will thus only focus on the single channel results, in order to study in general the performance of spectrum time-sharing techniques.
B. Impact of the Extent of Network-Wide Interference Coupling Between APs
In this section, we study the effect of wall shielding, as discussed in Section III-B, on the interference coupling among APs. Fig. 5 shows the median throughput per legacy and entrant AP over all network realizations for the indoor/indoor scenarios with and without internal walls, with single channel, for 10 legacy and 1-10 entrant APs. Comparing Figs. 5(a) and 5(c) and Figs. 5(b) and 5(d), the shielding from the internal walls results in a throughput increase of up to 10 Mbps and 75 Mbps for the legacy and new entrant APs, respectively, when the entrants do not implement any spectrum time-sharing mechanism (i.e. always on). Additionally, a major and consistent improvement is shown for all other spectrum sharing mechanisms, for high building shielding, since in such cases the number of APs within CS range is reduced, so that coexistence must be managed between fewer APs. We emphasize that the legacy AP throughput is considerably degraded (down to 0 Mbps) when coexisting with entrants with always on, even for high wall shielding conditions in the indoor/indoor scenario in Fig. 5(a) . This indicates that a time-sharing MAC mechanism should always be imposed for coexisting devices. Fig. 6 shows the median throughput per legacy and new entrant AP over all network realizations for the indoor/outdoor and outdoor/outdoor scenarios with single channel. The legacy AP throughput for the indoor/outdoor scenario in Fig. 6(a) is invariant with the entrant AP density at 10 Mbps. Consistent with these results, we have observed the entrant AP throughput to be similar for both 5000 and 500 legacy APs/km 2 (results not shown here for brevity), demonstrating that the indoor and outdoor APs are isolated from each other [14] . For the outdoor/outdoor scenario in Fig. 6(c) , the legacy AP throughput decreases by up to 10 Mbps compared to the indoor/outdoor scenario in Fig. 6(a) . Also, the entrant AP throughput for the outdoor/outdoor scenario in Fig. 6(d) decreases by up to 16 Mbps compared to the indoor/outdoor scenario in Fig. 6(b) , for the same number of entrant APs, due to the low shielding between the two populations of APs when both coexist outdoors. These results suggest that, in practice, coexistence can easily be ensured in indoor residential scenarios, or between APs in indoor deployments and outdoor hotspot deployments, due to the presence of high building shielding. Conversely, within open-plan indoor hotspot scenarios, or outdoor hotspot scenarios, the MAC mechanisms should be carefully selected, in order to improve the coexistence performance. We continue discussion of Figs. 5 and 6 in Sections V-C-V-F.
C. Impact of Fundamental Choice of MAC Scheme: LBT vs. Adaptive Duty Cycle
In this section we compare the performance of two different MAC approaches, LBT and adaptive duty cycle, which nevertheless both aim to achieve equal share of air time for APs located within CS range. However, the major difference between these schemes is that LBT guarantees an interferencefree CS range at the expense of additional MAC overhead, whereas adaptive duty cycle eliminates overhead due to sensing time, but cannot avoid interference in the CS range in a non-cooperative manner. We analyse how this design tradeoff for the two schemes affects the coexistence performance. Fig. 5(b) shows that the entrant AP throughput for adaptive duty cycle is consistently around 5 Mbps higher than for LBT with the same CS threshold of -62 dBm and LTE PHY. Therefore, for higher shielding between APs in the indoor/indoor scenario, and thus a lower number of APs in the CS range, adaptive duty cycle consistently achieves a higher throughput than LBT. For scenarios with lower shielding between legacy and entrant, or among entrant APs, Figs. 5(d), 6(b), and 6(d) show a switching point at a critical number of entrant APs, after which the median throughput obtained for LBT becomes higher than for adaptive duty cycle. This demonstrates that for low interference coupling, the LBT sensing overhead degrades the throughput more than the actual interference does, especially when this interference is reduced by adaptive duty cycle, due to its inherent mechanism of randomly selecting a time slot to transmit in. By contrast, for high interference coupling scenarios, the interference experienced by a given AP becomes too strong to be efficiently managed by adaptive duty cycle and thus avoiding it within the CS range at the expense of additional LBT sensing overhead becomes more beneficial.
Figs. 5(a), 5(c), 6(a), and 6(c) show that the legacy AP throughput does not vary significantly if the entrants implement LBT or adaptive duty cycle, due to the fact that the legacy APs implement LBT and will thus not experience interference from within the CS range in either case. However, for the border case of one legacy AP in the indoor/indoor scenario without internal walls, Fig. 7(a) shows an increase of up to 10 Mbps in the median legacy AP throughput when the entrants implement adaptive duty cycle compared to LBT. As the entrant APs randomly transmit when implementing adaptive duty cycle, their transmissions may overlap in time, leaving more air time for the legacy AP implementing LBT. This tradeoff can also be seen for the entrants in Fig. 7(b) , where the adaptive duty cycle median throughput drops quickly below the LBT throughput for only 2 entrant APs. Nevertheless, this increase in legacy AP throughput is minor, due to the presence of other legacy APs with which the additional air time is shared.
Our results thus demonstrate that for high interference coupling, LBT outperforms adaptive duty cycle due to its capability of better protecting both its own AP and other coexisting technologies against interference. Conversely, for low interference coupling, adaptive duty cycle outperforms LBT, since it does not incurr additional MAC sensing overhead.
D. Impact of LBT Parameters: CS Threshold, Frame Duration Type, and MAC Overhead
In this section we study the effect of the LBT CS threshold, frame duration types, and sensing overhead for LBT, as given in Section IV-C on the coexistence performance. Fig. 5(b) shows that in the indoor/indoor scenario a higher CS threshold of -62 dBm yields a higher entrant AP throughput than -82 dBm, by comparing the two LBT variants with IEEE 802.11n PHY. The corresponding throughput difference is almost constant at about 2 Mbps when increasing the number of APs. For lower shielding between entrant APs, such as in the indoor/outdoor scenario in Fig. 6 (b) and the outdoor/outdoor scenario in Fig. 6(d) , there is a switching point at a critical number of APs, after which the throughput for the -82 dBm CS threshold is higher than for -62 dBm. These results show how the CS threshold controls the tradeoff between sharing the channel in time within the CS range and suffering from interference from outside the CS range. For low interference coupling, the APs implementing a low CS threshold unnecessarily defer to other APs. However, in case of strong interference, a lower CS threshold protects the users better. Our results thus indicate that it is beneficial to adapt the CS threshold according to the individually experienced interference per AP, since it consistently affects the throughput performance (albeit not by a large margin).
Figs. 5(a), 5(c), 6(a), and 6(c) show that the legacy AP throughput is the same when the entrants transmit frames of different duration types, as seen by comparing the throughput for LBT with -62 dBm and LTE PHY (i.e. fixed frame duration) against LBT with -62 dBm and IEEE 802.11n PHY (i.e. rate-based frame duration). Namely, the difference in the MAC overhead term S x (cf. Section IV-C) is marginal for different frame duration types. A difference of at most 7 Mbps is evident for the border case of 10 entrants coexisting with only 1 legacy AP in Fig. 7(a) . Since the fixed frame duration is longer than the rate-based duration, the sensing time is shorter relative to the transmission time, resulting in a slightly higher S x within the CS range. The typical frame duration is thus not an important parameter for the coexistence performance. Our results for the entrant APs in Figs. 5(b), 5(d), 6(b), and 6(d) show that the LBT MAC overhead is not significantly high, as evident by comparing against ideal TDMA, which is a perfectly coordinated time-sharing MAC without sensing overhead or interference within the CS range. The throughput per entrant AP implementing ideal TDMA is higher than for LBT by up to about 10 Mbps (for high wall shielding in Fig. 5(b) ), corresponding to the LBT MAC overhead. Although this difference occurs consistently, it becomes negligible (down to about 2 Mbps) for low-shielding dense networks in Figs. 5(d), 6(b), and 6(d). This indicates that the distributed LBT scheme performs almost as well as an ideal time-sharing scheme for high AP densities, so that, in such cases, intra-and inter-operator coordination is not worthwhile. However, for low AP densities, such coordination becomes beneficial.
E. Impact of Duty Cycle Parameters: Adaptiveness to AP Detection and Coordination Level
In this section we evaluate the effect of key duty cycle MAC parameters on the coexistence performance: the ability to adapt the duty cycle when detecting other APs (i.e. fixed 50% vs. adaptive duty cycle), and the level of local coordination (i.e. uncoordinated vs. coordinated fixed 50% duty cycle, and adaptive duty cycle vs. ideal TDMA).
For the indoor/indoor scenario in Fig. 5(b) and the outdoor/outdoor scenario in Fig. 6(d) , the entrant AP throughput for fixed 50% duty cycle is higher than that for adaptive duty cycle by up to 15 Mbps. The contrary holds for the indoor/outdoor scenario in Fig. 6(b) , where adaptive duty cycle outperforms fixed 50% duty cycle by up to 30 Mbps. This difference in trend occurs because in the indoor/outdoor scenario the entrant APs coexist only among themselves, due to the isolation given by the wall shielding between the two populations of APs. If fixed 50% duty cycle APs coexist among themselves for high network densities, they will also experience increased interference compared to adaptive duty cycle APs coexisting among themselves, due to the increased likelihood of having overlapping transmissions. Instead, in the indoor/indoor and outdoor/outdoor scenarios, the entrant APs with fixed 50% duty cycle also coexist with legacy APs implementing LBT, a mechanism which avoids interference within the CS range. In such cases, fixed 50% duty cycle APs are protected against interference and also have more and a fixed number of transmission opportunities (i.e. half of the time) compared to adaptive duty cycle, which tries to protect coexisting LBT APs. This also shows that LBT protects its own APs, as well as other coexisting technologies. Regardless of the coexisting legacy population, it becomes evident that adaptive duty cycle outperforms fixed 50% duty cycle in case of very high network densities (i.e. increased interference coupling) because it reduces the interference for other entrant APs within the CS range. For very low network densities in Fig. 6(b) , adaptive duty cycle also outperforms fixed 50% duty cycle. Otherwise, for moderate interference coupling, fixed 50% duty cycle can suffer from interference and still achieve better throughput results than adaptive duty cycle, due to its constant air time. This indicates that adapting the duty cycle to the number of APs within CS range is important for both the APs implementing this scheme and other coexisting LBT APs, for the entire range of considered network densities.
Our results consistently show in Figs. 5(b), 5(d), 6(b), and 6(d) that for the entrant throughput there is only a marginal difference between fixed 50% coordinated duty cycle and fixed 50% uncoordinated duty cycle. For legacy APs, coexistence with fixed 50% uncoordinated duty cycle can become problematic in scenarios like indoor/indoor without internal walls in Fig. 7(a) , where the legacy AP throughput for the uncoordinated variant drops down to 0 Mbps, whereas the throughput for the coordinated variant is up to 25 Mbps higher. Therefore, coordinating fixed 50% duty cycle APs such that they transmit at the same time, may compensate for this MAC scheme's lack of adaptiveness in coexistence scenarios.
Finally, Figs. 5(a) and 5(d) show that increasing the coordination level for adaptive duty cycle (i.e. ideal TDMA) does not increase the entrant AP throughput significantly in the indoor/indoor scenario with or without internal walls (at most 5 Mbps). However, in the indoor/outdoor scenario in Fig. 6(b) and outdoor/outdoor scenarios in Fig. 6(d) , the entrant AP throughput is by up to 15 Mbps higher for ideal TDMA than for adaptive duty cycle. This is important especially in high network density cases where the entrant throughput for adaptive duty cycle drops down to 0 Mbps. These results demonstrate that intra-and inter-operator coordination of adaptive duty cycle would bring no significant benefits in case of low interference coupling, but are worthwhile in case of high interference coupling. However, intra-and inter-operator coordination would not always be possible in practice, and would also increase the control management overhead, so that distributed spectrum sharing may still be more attractive.
F. Impact of PHY Spectral Efficiency
Lastly, we consider the effect of the PHY-MAC interactions on the coexistence performance. Figs. 5(b), 5(d), 6(b), and 6(d) show a consistent and significant difference in terms of entrant AP throughput, of up to 40 Mbps, between LBT with LTE PHY and LBT with IEEE 802.11n PHY. These results are simply due to the better spectral efficiency of LTE PHY vs. IEEE 802.11n PHY. Fig. 6(d) in particular shows that a CS threshold of -82 dBm achieves a higher throughput than -62 dBm for IEEE 802.11n PHY (i.e. -82 dBm is preferred), but that -62 dBm with LTE PHY largely outperforms -82 dBm with IEEE 802.11n PHY, regardless of its poorly performing CS threshold. This demonstrates that the superior LTE PHY can in fact compensate for a sub-optimal CS threshold of LBT. Although we vary the PHY layer only for LBT MAC variants, we would expect to obtain similar qualitative results also for other MAC mechanisms. Our results suggest that a highperforming PHY layer may not only have a direct, substantial, and consistent impact on the throughput performance, but can also compensate for MAC parameters that are loosely tuned.
VI. CONCLUSIONS
In this paper we presented a detailed, systematic, and transparent study of different distributed spectrum sharing mechanisms for inter-technology coexistence in a spectrum commons. Firstly, we proposed a general framework for comparatively evaluating these spectrum sharing mechanisms, by identifying the key constituent design parameters and investigating their individual effect. Secondly, we proposed a novel unified network-level throughput and interference model that captures these key design parameters per device. Finally, we presented a coexistence case study of two dominant technologies in a spectrum commons, i.e. Wi-Fi and LTE in the 5 GHz unlicensed band. Our extensive Monte Carlo simulation results show that LTE/Wi-Fi coexistence can be easily ensured though channel selection schemes, such that time-sharing MAC mechanisms are irrelevant. Moreover, our analysis of the case study results is generalizable and can be extended to other inter-technology coexistence cases. We show that, in general, the coexistence performance of MAC sharing mechanisms strongly depends on the interference coupling, predominantly determined by building shielding, thereby identifying two regimes: (i) low interference coupling, e.g. residential indoor scenarios, where adaptive duty cycle outperforms LBT, as it does not suffer from additional sensing overhead; and (ii) high interference coupling, e.g. open-plan indoor or outdoor hotspot scenarios, where LBT outperforms adaptive duty cycle, as it avoids strong interference within the CS range. We also show that, although applying intraand inter-operator coordination is worthwhile in high interference coupling scenarios, the resulting gains over LBT are minor. Therefore, distributed MAC schemes may remain more attractive in practice. Our ongoing work focuses on extending our study to gain further insight into time-domain parameters, including different sensing durations and backoff schemes.
